Young rhyolites and associated lavas and magmatic enclaves from the KatmaiEEENovarupta volcanic system (Alaskan Peninsula), and the Crater Lake and Medicine Lake volcanic system (Cascades) were analyzed for U and Th isotope abundances, as well as major and trace element concentrations, to investigate the time-scales of the processes that lead to rhyolite generation in continental arcs. Basalts and basaltic andesites typically migrate from the mantle to the surface within several thousand years. years. Therefore, the residence times of continental magmas and their entrained crystals appear to increase by a minimum of 2EEE3 orders of magnitude with increasing SiO 2 concentrations from basalt to rhyolite.
INTRODUCTION
Two seminal overviews of silicic volcanism (Smith, 1979; Hildreth, 1981) led to a significantly clearer understanding of the physical processes leading to rhyolite genesis. Nevertheless, the relative roles of crystal fractionation and crustal melting in generating rhyolites (e.g. Graham et al., 1995) , and the lengths of time required to produce and store rhyolitic magmas in the crust (e.g. Davies et al., 1994; Reid et al., 1997; Hawkesworth et al., 2000) are still debated. Studies of migmatites and tonaliteEEEtrondhjemite terranes (e.g. Beard, 1995; Thompson & Connolly, 1995) , as well as studies of some young volcanic systems (e.g. Halliday et al., 1983; Smith & Leeman, 1987) have shown that some continental silicic magmas can be generated by melting of the crust. In other systems, crystal fractionation of andesitic magmas has been shown to play the dominant role in generating silicic magmas (e.g. Cameron & Hanson, 1982; Bacon & Druitt, 1988) . More recent petrological studies have suggested that silicic magmas are produced by a hybrid process of crystal fractionation of mafic magmas combined with assimilation of crustal materials (e.g. Hopson & Mattinson, 1990; Grove et al., 1997) .
These different mechanisms of magma generation could result in significantly different crustal residence times for the crystals and melts that make up rhyolite. For example, the rate of rhyolite generation may be slowed during crystal fractionation by a strong flux of heat through the system or by latent heat of crystallization (Hardee & Larson, 1977) . In contrast, the rate of rhyolite genesis by crustal anatexis could be rapid if the crust was warm and large amounts of heat and/or water were supplied to it by crystallizing mafic magmas (Huppert & Sparks, 1988) . If the mafic magma body was a plexus of dikes, then melting could be particularly rapid (e.g. Bergantz, 1995) .
To gain a better understanding of the processes and time-scales required to generate rhyolitic magmas, suites of young cogenetic basaltic to rhyolitic rocks from the KatmaiEEENovarupta, Crater Lake, and Medicine Lake volcanic systems were analyzed for U and Th isotope abundances, as well as their major and trace element compositions. These volcanic systems span a significant range of erupted volumes, eruptive styles, and geological settings, allowing discrimination of the influence of geological setting on magma generation processes and the time-frames over which they operate.
GEOLOGICAL SETTINGS KatmaiEEENovarupta
The KatmaiEEENovarupta volcanic system is located $50 km SW of Anchorage on the Alaskan Peninsula. The Novarupta vent is in close proximity to an array of young volcanic edifices (Griggs, Mageik, Martin, Trident, and Katmai) composed of andesite to dacite (Fig. 1) . The generation of the 1912 rhyolite has been attributed to this unusual clustering of volcanoes in the Aleutian arc and the associated crustal heating (Hildreth, 1983) . The oldest recorded local volcanism was at Mount Griggs at 292 ka (Hildreth & Fierstein, 2000) . The Cerberus and Falling Mountain dacite domes were emplaced during the Pleistocene (Hildreth & Fierstein, 2000) . The youngest volcanism occurred on the SW flank of Mount Trident between 1953 and 1974 (Coombs et al., 2000) .
The explosive eruption of 1912 from Novarupta first ejected a high-silica rhyolite, followed by dacite with minor rhyolite, then andesite plus dacite with minor rhyolite (Hildreth, 1983 (Hildreth, , 1987 . The eruption concluded with the extrusion of a small dacitic dome in the caldera formed by the collapse of Mount Katmai, and the Novarupta rhyolite dome (Hildreth & Fierstein, 2000) .
Magmas erupted in 1912 are separated by a compositional gap. Rhyolite averaging 77Á0 AE 0Á6 wt % SiO 2 accounts for about 7EEE8 km 3 of the $13 km 3 of magma that erupted. Approximately 5Á5 km 3 of dacite and andesite with 58Á5EEE66 wt % SiO 2 also erupted (Hildreth, 1987; Hildreth & Fierstein, 2000) . Variations in d 18 O and 87 Sr/ 86 Sr isotopic compositions, incompatible trace element concentrations, magmatic temperatures, and experimentally determined pressures of phase equilibria (Coombs & Gardner, 2001) suggest that all of the 1912 ejecta were compositionally and physically linked (Hildreth, 1983) . Conversely, the distinct compositional gap between the dacites and rhyolites has been interpreted to indicate that silicic magmas from deep within the crust intermingled with shallower intermediate magmas before erupting in 1912 .
Crater Lake
Crater Lake lies on the axis of the Cascade volcanic arc in Oregon (Fig. 1) , and is one of its major volcanic centers. The Crater Lake caldera formed during the climactic eruption of Mount Mazama at 7Á7 ka. The oldest Mazama lava is an $420 ka andesite flow (Bacon, 1983) . Significant dacitic volcanism occurred between $70 and 40 ka and a major andesite eruption occurred at $43 ka. Subsequent flows erupted over a wide area encompassing the region of the present caldera, indicating the development of a large magma chamber (Bacon, 1983 (Bacon, , 1985 . Pre-climactic rhyodacite flows erupted in three groups (Bacon & Druitt, 1988) . The first two groups erupted between 30 and 13 ka (Bacon, 1983) . The third group is close in age and composition to the climactic eruption of 6845 AE 45 radiocarbon years BP (7Á7 ka in calendar years, Bacon et al., 2000) . This group includes the Lao Rock eruptive sequence at 7015 AE 45 radiocarbon years BP, and the Cleetwood flow, which was still hot when the climactic eruption began (Bacon, 1983; Bacon & Druitt, 1988) . The climactic eruption of Mount Mazama itself began with a Plinian ejection of rhyodacitic pumice, which produced an air-fall deposit followed by rhyodacite pyroclastic flows forming the Wineglass Welded Tuff. Crystal-rich andesite and basalt (48EEE61% SiO 2 ) were ejected near the end of the climactic eruption, and partially melted granitoid blocks were ejected as the eruption came to a close. The total volume of material ejected was $47 km 3 (Bacon, 1983) .
Andesites from the climactic eruption have been divided into two groups distinguished by their concentrations of Sr and other incompatible trace elements (Bacon & Druitt, 1988; Druitt & Bacon, 1989) . These andesites also have distinct isotopic compositions. Low-Sr andesites have relatively low concentrations of incompatible trace elements and 87 Sr/ 86 Sr 0Á7036EEE0Á7038, whereas nearly all high-Sr andesites are enriched in incompatible trace elements and have 87 Sr/ 86 Sr 0Á7033EEE0Á7035 (Bacon et al., 1994) . A broad compositional gap separates these andesites from climactic rhyodacite, which has SiO 2 70Á4 AE 0Á3 wt % (Bacon & Druitt, 1988) . The concentrations of most incompatible trace elements in the climactic rhyodacite and in the older rhyodacites generally overlap (Bacon & Druitt, 1988) . In contrast, the Sr isotopic compositions of the climactic rhyodacites range from 0Á70354 to 0Á70358, which is less radiogenic than those of the older rhyodacites (0Á7036EEE0Á7038; Bacon et al., 1994) , consistent with the climactic rhyodacite consisting of a mixture of older rhyodacite magma produced by differentiation of low-Sr andesite and younger rhyodacite magma produced by differentiation of high-Sr andesite. Thus, Bacon & Druitt (1988) concluded that the climactic low-Sr andesites had longer residence times in the crust than the high-Sr andesites, and the climactic rhyodacite developed over the entire period of this andesitic magmatism.
Medicine Lake
Medicine Lake is a Pleistocene to Holocene shield volcano lying $45 km east of the Cascades volcanic front at the western margin of the Basin and Range tectonic province (Fig. 1) . The Medicine Lake volcano was built over the past 500EEE600 kyr (Donnelly-Nolan, 1998) by compositionally diverse lavas, ranging from low-K basalts to relatively incompatible element enriched andesites and rhyolites (Mertzman, 1977 (Mertzman, , 1979 Mertzman & Williams, 1981; Grove et al., 1982 Grove et al., , 1988 Grove & Donnelly-Nolan, 1986; DonnellyNolan et al., 1990) .
Medicine Lake volcano has had a rich Holocene eruptive history (Donnelly-Nolan et al., 1990) . Giant Crater produced a large volume eruption of basalt at $12Á7 ka Donnelly-Nolan et al., 1991) . The Pit Crater silicic andesite erupted at $4Á9 ka, and the basalts of Black Crater and Ross Chimneys erupted at $3Á2 ka. The andesitic Burnt Lava flow (Grove et al., 1988) erupted at $2Á8 ka, followed by the Medicine dacite and Hoffman rhyolite flows. The basalts and andesites making up the Callahan flow erupted at $1Á0 ka. The Little Glass Mountain and Crater Glass rhyolitic eruptions occurred shortly thereafter (Heiken, 1978; Donnelly-Nolan et al., 1990) .
The most recent eruption of the Medicine Lake volcano occurred at Glass Mountain. It began with ejection of rhyolite tephra from a chain of vents stretching NW from the Glass Mountain vent. This was followed by effusion of the Glass Mountain dacite, which is noteworthy in the abundance of quenched andesite enclaves with diameters as large as 0Á5 m (e.g. Eichelberger, 1981) . This flow was dated at 885 radiocarbon years BP ( $800 calendar years BP; Donnelly-Nolan et al., 1990) . Enclave-poor rhyolite flows and domes erupted from the summit of Glass Mountain after the dacite. The eruption concluded with the extrusion of the rhyolite dome that constructs the Glass Mountain summit. The total volume erupted was $1 km 3 (Donnelly-Nolan et al., 1990) . The magmatic inclusions found in the Glass Mountain lavas have compositions ranging from basalt to silicic andesite; these include quenched enclaves as well as hornblende-and olivine-gabbro cumulate enclaves (Grove et al., 1997) . The cumulate gabbros consist of relatively coarse-grained plagioclase, augite, olivine, orthopyroxene, FeEEETi oxides, AE amphibole together with accessory apatite and more rarely zircon. Crystalline phases are typically set in vesicular glass, which may contain microlites (Mertzman & Williams, 1981; Grove & Donnelly-Nolan, 1986) . Quenched enclaves are characterized by crenulated and sometimes chilled margins, and skeletal to acicular mineral phases set in a matrix of vesicular silicic glass (Eichelberger, 1981; Grove & Donnelly-Nolan, 1986; Grove et al., 1997) . The composition of the Glass Mountain dacite has been explained by mixing magma similar to that of the quenched andesite enclaves with the Glass Mountain rhyolite. Therefore, it appears that the enclave-producing andesite both mixed and mingled with the rhyolite before eruption (e.g. Eichelberger, 1981; Grove et al., 1997) .
SAMPLES KatmaiEEENovarupta
Pumice and scoria blocks from the 1912 pyroclastic deposits collected for this project include a silicic andesite (K90And), a dacite (K90Dac), and a high-silica rhyolite (K90Rhy; Table 1 ). Samples from the Mount Cerberus (K90CB) and Falling Mountain (K90FM) domes, the 1912 Novarupta dome (K90Nov), and a lava erupted in 1961 from Trident (K90TR) were also collected. E. W. Hildreth contributed a basaltic andesite clast (K851) from the 1912 eruption tephra deposits and a low-silica rhyolite (K2043) from the interior wall of the Katmai caldera with an age of 22 ka (Hildreth & Fierstein, 2000) .
All of the andesites and dacites are coarsely porphyritic with phenocrysts of plagioclase, augite, orthopyroxene, and FeEEETi oxides. Apatite is also present in the silicic andesites and dacites. About 0Á5EEE1% anhedral olivine is present in K90TR, and is present in lower proportions in most of the other intermediate composition samples. These olivine crystals generally are rimmed by orthopyroxene microlites. Glomeroporphyritic clots of plagioclase, orthopyroxene, clinopyroxene, and FeEEETi oxides with textures ranging from gabbroic to fine grained and acicular are present in many samples. These clots are particularly abundant in the 1912 samples. Rare euhedral hornblende crystals are present in the silicic andesites and dacites erupted in 1912. The major phenocrysts exhibit complex zoning profiles, varying crystal morphologies, and diverse inclusion populations, reflecting complex polybaric crystallization and mixing (e.g. Coombs et al., 2000) . Severe post-eruption oxidation partially to completely replaced pyroxenes by opaque minerals in the Cerberus and Falling Mountain dacites.
The 1912 rhyolite pumice from Novarupta (e.g. K90Rhy) has $1% weakly zoned plagioclase phenocrysts that are 51 mm in length (Hildreth & Fierstein, 2000) . The Novarupta dome rhyolite (e.g. K90Nov) has $3% phenocrysts including plagioclase similar to that found in the rhyolitic pumice, together with inclusion-rich plagioclase, augite, hornblende and opaques.
Crater Lake
All of the studied samples from Crater Lake were collected by C. R. Bacon from large single pumice or scoria blocks ejected during the climactic eruption. The rhyodacite (88c:1533) has a SiO 2 concentration of 70Á2 wt % (volatile-free; see Table 1 ), which is typical for the climactic rhyodacites (Bacon & Druitt, 1988) . It is sparsely porphyritic with $10 vol. % crystals of euhedral to anhedral plagioclase and minor amounts of orthopyroxene, augite, opaques, and apatite (see also Druitt & Bacon, 1989) .
Both andesite scoria samples (low-Sr, 88c:1532; highSr, 88c:1534) are characterized by high crystal contents (88c:1532 $60 vol. %; 88c:1534 $50 vol. %) of plagioclase, orthopyroxene, clinopyroxene, hornblende, FeEEETi oxides, and apatite (see also Druitt & Bacon, 1989) . The low-Sr andesite has euhedral to subhedral plagioclase crystals up to 5 mm in length. These crystals have large glass and vapor-filled inclusions, and exhibit complex zoning patterns that appear to represent multiple sequences of growth and resorption. The pyroxenes are euhedral to anhedral and 51 mm in length. Hornblende is less abundant and generally more euhedral than the pyroxenes. Crystals of hornblende are up to 3 mm in length, have relatively low aspect ratios, and commonly contain inclusions of the other phenocryst phases.
Hornblende is the dominant mafic mineral in the high-Sr andesite (88c:1534). It is euhedral to subhedral, has a high aspect ratio, and commonly has large glass and vapor-filled inclusions, consistent with rapid cooling and a single pulse of crystal growth. Plagioclase morphologies range from euhedral to anhedral. Some euhedral crystals lack glass inclusions and either can have relatively homogeneous cores, or can be strongly zoned from core to rim. Some crystals have abundant glass inclusions. Anhedral plagioclase crystals with textural evidence of multiple melting and growth events are less common than in the low-Sr andesite.
Medicine Lake
J. M. Donnelly-Nolan contributed the samples from Medicine Lake volcano. Sample 82-72f was collected from one of the youngest Giant Crater lavas. It is relatively primitive with 10Á6 wt % MgO and 47Á6 wt % SiO 2 , and it lacks large phenocrysts Donnelly-Nolan et al., 1991) . The samples of the Black Crater (733 m) and Callahan (1513 m) lavas are differentiated calcalkaline basalts with 50Á1 wt % SiO 2 and 51Á4 SiO 2 , respectively (Table 1) . Callahan basalts are sparsely porphyritic with rare crystals of olivine and plagioclase (Kinzler et al., 2000) , In contrast, Black Crater basalts are coarsely porphyritic with $25% plagioclase and 2EEE4% olivine (Sisson et al., 1990) . The Burnt Lava flow andesite (695 m) has $4% crystals of plagioclase, olivine, orthopyroxene,clinopyroxene,FeEEETioxides,andquartz with complex morphologies and zoning patterns (Grove et al., 1988) . The Pit Crater andesite (945 m) has 62Á9 wt % SiO 2 (volatile-free) with rare microphenocrysts of plagioclase, pyroxenes, and FeEEETi oxides (J. M. Donnelly-Nolan, personal communication, 1991) . Samples from the Glass Mountain eruptives were chosen to span its compositional range and include an early 72Á3% SiO 2 (volatile-free) rhyolite bomb (1368 m), a 63Á5 wt % SiO 2 dacite (1413 m), and a late 73Á8 wt % SiO 2 dome rhyolite (1331 m; Table 1 ). The rhyolites are sparsely porphyritic with 51% euhedral to subhedral phenocrysts of plagioclase, orthopyroxene, clinopyroxene, and FeEEETi oxide. Dacite sample 1413 m has $5% of the same phenocryst assemblage, mostly with subhedral to anhedral morphologies. It also contains $5% quenched andesitic enclaves with sizes ranging from 0Á1 to 2 mm.
Magmatic inclusions from Glass Mountain analyzed here include an amphibole-bearing gabbro (1139ma) from the Glass Mountain rhyolite (see Grove et al., 1997) and quenched textured andesites (1545 m and 1424 ma) from the Glass Mountain dacite. The gabbro has coarse interlocking crystals of plagioclase, augite, orthopyroxene, hornblende, olivine, and FeEEETi oxides. Reaction assemblages are present with remnant olivine surrounded by orthopyroxene and remnant augite surrounded by hornblende. Glass, vesicles, and microlites of plagioclase, pyroxenes, hornblende, and opaques fill the spaces between these grains. The largest crystals in the quench-textured andesites are olivine and augite. These are embedded in a matrix of finely intergrown olivine, plagioclase, pyroxene, FeEEETi oxides, and glass. Sample 1545 m also has scattered large anhedral plagioclase crystals (see Eichelberger, 1981; Grove et al., 1997) .
ANALYTICAL METHODS Sample processing
Whole-rock samples were broken into 53 cm fragments, washed in deionized water, dried, crushed, and randomized. A portion of the crushed sample was ground to a fine powder in an alumina shatterbox; another portion was comminuted in a steel disk grinder and sieved. Silicate minerals were separated from the 80EEE120 or 120EEE170 sieve fractions using standard density and magnetic techniques. A portion of the 80EEE120 fraction was ground in an agate mortar with acetone for separation of magnetite using a hand magnet.
Major and trace elements
Major elements (SiO 2 , Al 2 O 3 , TiO 2 , Fe 2 O 3 , MnO, CaO, MgO, Na 2 O, K 2 O, P 2 O 5 ) were analyzed by inductively coupled plasma emission spectrometry (ICPES) in laboratories under the guidance of Terry Plank at the University of Kansas and Boston University. Both laboratories utilized similar analytical techniques and JobinEEEYvon instruments. Samples were first ignited at 950 C for 30EEE45 min, then mixed with a lithium metaborate flux (100 mg sample to 400 mg flux), and fused at 1050 C for 15 min. Molten beads were poured into 50 ml of 5% HNO 3 and agitated until dissolved. Solutions were then filtered and diluted to $4500 times the original ignited powder weight. Four rock standards and a blank were prepared with each batch of 10 unknown samples. Sample solutions were then analyzed, interspersed with standards, drift monitoring solutions, and blanks. RSDs of replicates are generally 54%.
Trace elements were analyzed at the same institutions using similar inductively coupled plasma mass spectrometry (ICPMS) techniques. Samples were dissolved in a HFEEEHNO 3 mixture (50 mg of powder to 1 ml 18N HF and 3 ml 8N HNO 3 ), dried, taken up in a HNO 3 solution, and diluted by weight to 1:1500EEE2000 in parallel with a set of four rock standards and a blank. The samples were then analyzed with the standards, blanks, and a drift monitoring solution on a VG PlasmaQuad ExCell (Boston University) or Fisons/VG PlasmaQuad IIXS (University of Kansas). Routine precision is 1EEE2% RSD for most trace element to 520 ppb in the rock (see Kelley et al., 2003) . 229 Th spike were added to both solutions. A mixed 233 UEEE 236 U spike was added to the large aliquot. Both solutions were refluxed for several hours, fumed, and dried after adding HClO 4 . U and Th in silicate mineral separates were preconcentrated using Fe-coprecipitation. All samples were taken up in HNO 3 , and run through anion exchange columns to separate and purify U and Th. Mass spectrometry was performed on a Finnigan MAT 262 thermal ionization mass spectrometer with a retarding potential quadrupole energy filter (RPQ). U and Th isotopes were analyzed using a multiplier with the RPQ. U isotope ratios were adjusted using the 233 U/ 236 U ratio of the spike to correct for mass bias. All samples were loaded on triple zone refined rhenium filaments. U was loaded as a nitrate using a double filament arrangement. Th typically was loaded on single filaments with graphite, although a few samples were loaded as a fluoride in a double filament arrangement. Typical procedural blanks were 0Á1EEE0Á02 pmol for U and 0Á01EEE0Á03 pmol for Th. Listed errors (2s) are total analytical errors excluding uncertainties in decay constants.
U, Th, and Pb isotopes
U and Th analyses at Woods Hole Oceanographic Institute (WHOI) employed chemical and massspectrometry techniques discussed in detail by Goldstein et al. (1989) and Layne & Sims (2000) . Sample dissolution techniques were similar to those employed at MIL. However, at WHOI, large aliquots were used to determine the U and Th isotopic compositions (IC). Small aliquots were used to determine U and Th concentrations by isotope dilution (ID). The latter were spiked with 229 U and 233 U solutions before refluxing for several hours, fuming with perchloric acid, drying, and purification using a single anion exchange column procedure that did not separate U from Th. U and Th were extracted from the large aliquot, separated from each other, and purified using standard anion exchange techniques. The purified Th fractions were loaded onto a polished graphite disk, and their 230 Th/ 232 Th ratios were determined using a Cameca IMS 1270 secondary ion mass spectrometer (see Layne & Sims, 2000) . U isotopic compositions and U and Th concentrations were measured by ICPMS on a Finnigan MAT Element system. NBS 960 was run between each analysis in both the ID and IC runs to monitor mass bias. Procedural blanks for Th and U were 0Á25 and 0Á05 pmol, respectively. The total analytical errors (2s) listed in Table 3 (below) are based on triplicate analyses. These errors for U and Th concentrations are $0Á7%, and 0Á6% for 234 U/ 238 U ratios. Pb was separated from sample solutions and purified using a single anion exchange column with 0Á2 ml of resin. The Pb was fixed to the column using 0Á5N HBr and was washed off with 0Á2N HCl. The Pb was analyzed by ICPMS using the Finnigan MAT Neptune multicollector system at WHOI, with a Tl spike to correct for mass fractionation. All data were normalized to NBS 981 (Todt et al., 1996) . The measured procedural blank was 1Á5 pmol, with an isotopic composition equal to NBS 981, suggesting that this blank was a carryover from the preceding runs of NBS 981.
GENERAL GEOCHEMISTRY Mafic and intermediate rocks
The Giant Crater basalt (82-72f ) from the Medicine Lake volcano is a relatively primitive high-Al olivine tholeiite with a light REE (LREE)-depleted pattern and relatively low concentrations of K and other highly incompatible elements . In contrast, the Black Crater (733) and Callahan basalts (1513 m) are more enriched in LREE and highly incompatible elements (Table 1 ; Fig. 2 ). Glass inclusions of low-K tholeiite in olivine from a Black Crater basalt have been shown to have very low water contents (50Á2 wt %; Sisson & Grove, 1993) , whereas Callahan basalts apparently had significantly higher water contents during crystallization (3EEE6 wt %; Kinzler et al., 2000) . The Callahan basalt analyzed here also has relatively high Ba/La ratios compared with the low-K Giant Crater basalt. Nevertheless, the Ba/La ratios are generally lower in all Medicine Lake basalts than they are in most of the samples from the other volcanic centers studied here. Thus, its behindthe-volcanic-front setting may have resulted in a lower proportion of subducted constituents in the Medicine Lake lavas compared with those of the other centers.
Incompatible trace element abundances for andesitic lavas and magmatic enclaves from the Medicine Lake volcano are marked by relatively constant heavy REE (HREE) contents, but La/Sm and Th/La ratios become progressively greater with increasing SiO 2 (Fig. 3) . Sr isotopic compositions and d
18 O values also are generally higher in the Holocene dacites and rhyolites than in the more mafic lavas (DonnellyNolan, 1998) . Sr isotopic compositions range from 0Á70334 for the Giant Crater sample 82-72f and 0Á70371 for the most primitive Callahan basalt (Kinzler et al., 2000) to 0Á70408 for the Pit Crater andesite (M. Lanphere and J. M. Donnelly-Nolan, unpublished data, 1985) .
The variation in trace element concentrations and SrEEEO isotopic compositions through the intermediate composition range at Medicine Lake has been explained by crystal fractionation of basaltic parent magmas combined with crustal assimilation, replenishment, and mixing [the FARM model of Baker et al. (1991) ]. For example, silicic andesites of the Burnt Lava flow, which have compositions similar to those of the andesite enclaves in Glass Mountain rhyolites (see Table 1 ), were explained by fractionation of highAl basalt combined with assimilation of crustal granitoids with an assimilation to crystallization rate exceeding unity (Grove et al., 1997) .
The andesitic samples from KatmaiEEENovarupta analyzed here have SiO 2 concentrations of 54Á8EEE64Á8 wt % and roughly parallel incompatible trace element patterns (Table 1; Fig. 4 ), suggesting that they had similar parental magmas, which differentiated along similar liquid lines of descent (Hildreth, 1987; Hildreth & Fierstein, 2000) . Subducted materials were clearly involved in the genesis of each sample. Evidence for this includes enrichments in large ion lithophile and U-group elements (U, Th, and Pb) over LREE (e.g. Ba/La 44EEE51; U/La 0Á10EEE0Á13), and substantial depletions in Nb and Ta with respect to the LREE (e.g. La/Nb 3Á0EEE3Á4; Table 1 ) in all samples.
Although the Cerberus and Falling Mountain dacites have trace element patterns similar to those of the 1912 dacite, they have somewhat lower concentrations of Zr and Hf, and they have lower U/Th ratios. The low Zr and Hf may reflect a separate differentiation path from the 1912 lavas. The lower U/Th ratios may reflect alteration of the older lavas. Table 1 .~, andesitic lavas;~, andesite enclaves;^, basalts. Elements are arranged by group and degree of incompatibility. Elements considered to have high concentrations in fluids from subducting lithosphere (large-ion lithophile elements and the U-group elements U, Th, and Pb) are to the left. Less soluble REE and high-field strength elements are to the right. Incompatibility during melting generally decreases to the right. Sample concentrations are normalized to the primitive mantle compositions of Sun & McDonough (1989) .
The similar SiO 2 concentrations and Fe/Mg ratios of the low-and high-Sr andesites (88c:1532 and 88c:1534, respectively) from Crater Lake indicate that they have undergone similar amounts of fractionation from their parental basalts (Table 1) . However, the low-Sr andesite has lower concentrations of all highly incompatible elements (Fig. 5 ) but higher Ba/La (36 vs 23) and U/ Th (0Á49 vs 0Á37) ratios, and lower Ce/Pb (3Á8 vs 6Á5) and K/Cs (8100 vs 10 500) ratios compared with the high-Sr andesite. All of these characteristics are consistent with a more significant contribution of a fluid from sediment-bearing subducting crust to the low-Sr andesite compared with the high-Sr andesite. The higher 87 Sr/ 86 Sr ratio of the low-Sr andesite compared with the high-Sr andesite (Bacon et al., 1994) also is consistent with this interpretation. The combination of high Sr isotopic compositions and low concentrations of incompatible elements in the low-Sr andesite is not consistent with greater crustal assimilation during differentiation of the low-Sr andesite compared with the high-Sr andesite. The low concentrations of HREE elements in both andesites imply that the mantle sources for the parental basalts for these andesites had a significant proportion of garnet (Bacon, 1990) . Both of these andesites have elevated P and Sr contents compared with other incompatible elements (Fig. 5) , providing clear evidence of accumulation of apatite and plagioclase, respectively (see Bacon & Druitt, 1988) .
Rhyolites
The patterns of enrichment in the most highly incompatible elements such as the large ion lithophile elements (LILE) and Th for the rhyolitic rocks from all three centers are similar to those of associated more mafic rocks, showing that the rhyolites and rhyodacites are all genetically linked in some way to local young basalts and andesites. Differences in the degree to which isotopic compositions and ratios between more R high-Sr andesites 88c:1534 for Crater Lake. Partition coefficients used in the Rayleigh fractionation modeling: Th 0, La 0Á25, and Sm 0Á5. Partition coefficients used for fractionating crystals in the EC-AFC models for the KatmaiEEENovarupta and Crater Lake systems: Th 0Á01, La 0Á15, and Sm 0Á25. Higher partition coefficients were used for generating the assimilants (Th 0Á3, La 0Á35, and Sm 0Á50), consistent with their relatively high silica contents, and the likelihood that they entrained crystals. Partition coefficients used for fractionating crystals in the EC-AFC models for the Medicine lake lavas: Th 0Á01, La 0Á07, and Sm 0Á2. Partition coefficients used for generating the assimilant: Th 0Á25, La 0Á25, and Sm 0Á40). Assimilant compositions used for KatmaiEEENovarupta: Th 3Á1 ppm, La 11 ppm, and Sm 4 ppm; for Crater Lake: Th 4Á9 ppm, La 19 ppm, and Sm 4Á1 ppm; for Medicine Lake andesite: Th 8 ppm, La 20 ppm, and Sm 5 ppm; for rhyolite: Th 14 ppm, La 20 ppm, and Sm 3Á35 ppm. The assimilant compositions are similar to those of recently erupted lavas from each volcanic center. The one exception is the assimilant composition used to model the Medicine Lake rhyolite, which is the composition of a granitic xenolith from the Glass Mountain rhyolite (85-25, M. K. Reagan, unpublished data, 2002) . Other parameters employed in the EC-AFC modeling were the following: liquidus temperatures for magmas of 1200 C, liquidus temperatures for the assimilants of 1100 C, solidus temperatures for magmas and assimilants of 800 C, C p for magmas of 1450 J/kg K, C p for assimilants of 1370 J/kg K, enthalpy of crystallization of 390 kJ/kg, and enthalpy of fusion of 270 kJ/kg. The initial temperature of the assimilant was its solidus. The temperatures of the initial magmas were 1200 C for Medicine Lake and 1100 C for the other systems.
JOURNAL OF PETROLOGY VOLUME 44 NUMBER 9 SEPTEMBER 2003 and less incompatible elements shift with increasing silica show that the nature of the genetic link differs from center to center. For example, the KatmaiEEE Novarupta rhyolites are characterized by incompatible trace element patterns that roughly parallel those of the andesites and dacites (Fig. 4) , with little variation in Th/La and La/Sm ratios (Fig. 3) , suggesting that the magmas are largely related by crystal fractionation (Hildreth, 1983 (Hildreth, , 1987 . In contrast, trace element patterns of Medicine Lake rhyolites have significantly higher Th/La and La/Sm ratios compared with more mafic magmas (Fig. 3) , and HREE concentrations that are identical to those of the basalts (Fig. 6 ). Average oxygen isotope values also are higher in the rhyolites than associated basalts (Donnelly-Nolan, 1998). These variations suggest that assimilationEEEfractional crystallization (AFC) processes link the basalts and rhyolites (Grove et al., 1988 (Grove et al., , 1997 . The processes linking Crater Lake rhyodacites to more mafic magmas may be a hybrid of those responsible for linking lava compositions for the Medicine Lake and KatmaiEEE Novarupta centers. Evidence for this includes the strongly elevated Th/La ratio for the rhyodacite compared with the associated andesites (Fig. 3) , despite the roughly similar incompatible trace element patterns for the andesites and rhyodacite (Fig. 5) .
THORIUM AND URANIUM ISOTOPE ABUNDANCES
The Medicine Lake rhyolites plot on the equiline in Fig. 7 (Fig. 7) . Ratios between U and Th nuclides in the Glass Mountain dacite lie between those for the rhyolite and a quenched andesite enclave (1545 m) extracted from the dacite, consistent with its origin by mixing (e.g. Eichelberger, 1981) . Glass and magnetite separates from andesite enclave 1545 m were analyzed with a goal of obtaining its crystallization age (Table 2 ; Fig. 7) . However, the fine grain size of this enclave limited the purity of the mineral separates and therefore the spread in ( 238 U)/( 232 Th) ratios. Th isotopic compositions for all of the samples from KatmaiEEENovarupta are high (1Á37EEE1Á45, Table 2 ) despite varying ( 238 U)/( 232 Th) ratios, which probably is a reflection of the addition of U 4 Th and/or radiogenic Th from the subducting slab (see Thomas et al., 2002 (Fig. 9) . near a 7Á7 ka reference line representing the time since eruption. In contrast, the best-fit reference line drawn through the mineral separates for the low-Sr andesite gives an age of 57 ka. If these crystals grew from low-Sr magmas, then the difference in Th isotopic composition between the low-and high-Sr andesites may be attributed to a long crustal residence time for the melts and crystals making up the low-Sr andesite.
The climactic rhyodacite from Crater Lake has ( 230 Th)/( 232 Th) 1Á37 and an equilibrium ( 238 U)/ ( 230 Th) ratio. In contrast to Medicine Lake and KatmaiEEENovarupta, however, the rhyodacite from Crater Lake has ( 230 Th)/( 232 Th) and ( 238 U)/( 232 Th) ratios between those of the associated andesites (Fig. 10) . A plagioclase mineral separate from this rhyolite has a ( 230 Th)/( 232 Th) ratio similar to that of the low-Sr andesite.
LEAD ISOTOPE ABUNDANCES
Intermediate and silicic rocks from the three volcanic systems studied here collectively have a narrow range of Pb isotope compositions ( (Fig. 11) . The samples from the KatmaiEEENovarupta system have Pb isotope values that plot closest to those of oceanic mantle values, whereas the Medicine Lake samples plot closer to those of North Pacific sediment. Thus, although the slab contribution to the magma sources for Medicine Lake lavas appears to be less than for the other centers based on trace element concentrations, the proportion of sediment in this component appears to be higher for Medicine Lake lavas. Samples from individual centers have narrow ranges in Pb isotope compositions that vary independently of SiO 2 content (Table 3) . For example, Medicine Lake rhyolite and basalt have identical Pb isotope values, whereas andesites have slightly more radiogenic values. The implied long-term time-integrated U/Th ratios for the sources of the basalt and rhyolite are lower than for the sources for the andesites, which is the opposite of the time-integrated U/Th ratios inferred from the ( 230 Th)/( 232 Th) ratios (see Fig. 7 ). The Crater Lake rhyolite has slightly more radiogenic Pb isotopic compositions compared with the andesites (Table 3) . Nevertheless, these within-suite differences in Pb isotopic composition are minor, and taken as a group, the Pb isotopes place little constraint on the amount of assimilation of continental crust needed to produce silicic magmas in these systems.
DISCUSSION
Assimilation of plutonic materials during differentiation of calcalkaline magmas can be difficult to detect if Table 2 . w, wholerock values; p, plagioclase; x, pyroxene (with minor hornblende); h, hornblende (with minor pyroxene); m, magnetite; g, glass. It should be noted that the whole rock and phase separates for the high-Sr andesite plot within error of a reference line with an age equal to that since the climactic eruption. The internal`isochrons' for the high-Sr andesite and rhyolite give similar ages of 57(18/EEE17) and 145(55/EEE38) ka, respectively, using the Yorkfit routine of the Isoplot program (Ludwig, available at http://www.bgc.org/ Isoplot2Á49Manual.pdf ). the material assimilated has a major element, trace element, and isotopic composition that is similar to that of the magmas. Heat and volatile transfer from magmas intruding into recently crystallized magmatic rocks or crystal mushes of similar composition could cause significant melting (Bergantz, 1995) . Mixing between the remelted`assimilant' and a newly intruded magma batch would result in a magma containing both old and young crystals with differing morphologies (e.g. Coombs et al., 2000) , but incompatible trace element and isotopic compositions largely unaffected by the mixing event. Detection of such cryptic assimilation' is difficult for most isotopic tracers because little or no material with a distinct isotopic composition is added to the system. Th isotopes, however, are an exception because of the relatively rapid response of the ( 230 Th)/( 232 Th) ratio to varying U/Th ratios. Differences in Th isotopic composition between mineral separates in a volcanic rock can be used to provide important clues about the time-scales of magma generation or differentiation at a volcanic center.
In the following discussion, trace element and isotope variations are used to show that cryptic assimilation of previously crystallized material is an important process in the differentiation of the magmas studied here. These variations are also used to test the hypothesis that progressively longer time-periods of mafic magmatism are required to generate progressively more silicic magmas in these large magmatic systems.
KatmaiEEENovarupta
The mafic andesite erupted from the Novarupta vent in 1912 (K-851) is enriched in ( 230 Th) over ( 238 U) by 4% (Fig. 8) , despite high Th isotopic compositions and other evidence for the presence of a subducted component in these lavas. Thus, the subducted slab components were probably added to the mantle source of the parental basalts long before melting, and recent melting of this source with garnet or aluminous clinopyroxene in the residue probably produced parental basalts in this system (e.g. LaTourette et al., 1993; Blundy, 1998; Landwehr et al., 2001) . The relatively high HREE concentrations for KatmaiEEENovarupta lavas are most consistent with residual aluminous clinopyroxene in the source rather than garnet. An alternative explanation is that the ( 230 Th) excess resulted from assimilation. However, as shown below, assimilation leading to generation of silicic andesites and dacites appears to drive the compositions towards higher ( 238 U)/( 230 Th) ratios in the KatmaiEEENovarupta system.
The trends to higher ( 238 U)/( 232 Th) and ( 230 Th)/ ( 232 Th) ratios with increasing SiO 2 for the 1912 silicic andesites and dacites erupted in 1912 from the KatmaiEEENovarupta system (Fig. 8) appear to have resulted from cryptic assimilation combined with fractional crystallization. The pyroxene and magnetite mineral separates from the dacite and silicic andesite erupted in 1912 have U and Th concentrations that are significantly lower than whole-rock values and ( 238 U)/( 232 Th) ratios that are too high to explain variations in the U/Th ratios of the whole rocks. Apatite fractionation, which clearly occurred in this system (see Fig. 4 ), may affect ( 238 U)/( 232 Th) ratios and explain this correlation. However, it should be noted that U and Th concentrations and Th/U ratios for apatites from Crater Lake andesites are not high enough to affect this change (see below). Nevertheless, it is possible that these trends resulted from the addition of an assimilant during crystal fractionation that was extracted from residual crust with apatite or another trace mineral with relatively high U/Th. In any case, the lack of significant variations in the patterns of other trace elements and SrEEEO isotopic compositions for the andesites and dacites (Hildreth, 1987) suggests that the assimilant involved in generating the intermediate KatmaiEEENovarupta magmas had a composition generally similar to the magmas themselves. Pb for samples from the Medicine Lake, Crater Lake, and KatmaiEEE Novarupta volcanic systems. The field for averaged sediments from the northern Pacific sea floor is shown (Plank & Langmuir, 1998) . NHRL, Northern Hemisphere reference line (Hart, 1984) .
Trace element abundances in these intermediate rocks were modeled using an energy constrained AFC model (EC-AFC; . Parameters used in the modeling assume that the assimilant was similar in composition to recent volcanics, and that it was at its solidus at the beginning of fractionation (Fig. 3) . The partition coefficients for incompatible elements between residual crystals and melts of the assimilant were chosen to be significantly higher than the partition coefficients for crystallizing the magmas. This choice mimics assimilation of a significant portion of the residual crystals along with the magma, which is consistent with the abundance of crystals with complex growth and resorption textures in intermediate KatmaiEEENovarupta lavas. The positions of bulk mineral separates from the 1912 silicic andesite and dacite along the UEEETh 40 ka isochron with whole rocks (Fig. 9 ) also are consistent with this model, and indicate that the average ages of the crystals in these magmas must be similar to the average crustal residence time of the aggregated magmas themselves.
The 1912 rhyolites from the KatmaiEEENovarupta system have high concentrations of incompatible trace elements, with patterns that are similar to those of the andesites and dacites (Fig. 4) . This pattern of enrichment is consistent with generation of the rhyolite by crystal fractionation of intermediate magmas like those erupted in 1912 with only minor assimilation (Hildreth, 1987; Hildreth & Fierstein, 2000) . In addition, the similar Pb and oxygen isotope compositions for the rhyolites and dacites are consistent with, at most, $1% assimilation of sedimentary or pre-Cenozoic granitoid rocks (e.g. Hildreth, 1997) . It is also possible that the rhyolites were generated by a continuation of the cryptic AFC process that explained the composition of the 1912 dacite. That is, crystal fractionation and assimilation of rocks or crystal mushes with compositions like the magmas themselves also can explain the compositions of the rhyolites (Fig. 3) .
Both explanations require a period of enrichment in U over Th of 10 5 years or more to generate the distinctively high ( 230 Th)/( 232 Th) ratios of the rhyolites (Fig. 8) . In addition, the small excess in 230 Th over 238 U in the rhyolites despite their high ( 230 Th)/( 232 Th) ratios indicates that fractionation of a trace amount of zircon probably occurred shortly before eruption (see also Hildreth & Fierstein, 2000) .
The ( 230 Th)/( 232 Th) and ( 238 U)/( 232 Th) ratios for the rhyolite (K2043) from the Katmai crater walls plot between values for these ratios in the 1912 rhyolite and andesite samples (Fig. 8) . The two rhyolites, therefore, may be genetically linked, with the principal difference between them being the presence of inmixed' andesite magma in the Katmai rhyolite.
This link provides further evidence that the 1912 rhyolite resided beneath Katmai before the 1912 eruption, and its withdrawal during the eruption led to the collapse of the Katmai summit (see Hildreth & Fierstein, 2000) .
Medicine Lake
All of the Medicine Lake basalts have near-equilibrium ( 238 U)/( 230 Th) ratios (Table 2 , Fig. 7 ), including the relatively primitive high-alumina basalt from Giant Crater and the more differentiated Black Crater and Callahan calcalkaline basalts. These data are consistent with experimentally determined shallow equilibration pressures for primitive Medicine Lake basalts within the mantle (Tanton et al., 2001) , with the partition coefficients for U and Th between melts and residual mantle being roughly equal (e.g. Beattie, 1993; LaTourrette et al., 1993; Wood et al., 1999; Landwehr et al., 2001) .
Geological, trace element, and isotopic data, including the progressively steeper REE patterns and higher 87 Sr/ 86 Sr and d 18 O with increasing SiO 2 in Medicine Lake lavas, have been attributed to AFC processes (Grove et al., 1988; Donnelly-Nolan, 1998 232 Th) ratios in lavas indicate that the average U/Th ratio of the assimilant is lower than present-day basaltic values. The variation in the ( 238 U)/( 230 Th) ratios for the andesites suggests that these assimilants were generated by melting crust, leaving a residue with variably fractionated U from Th (Fig. 7) . U/Th ratios are highly variable in granitic xenoliths from Medicine Lake lavas (Lowenstern et al., 2000) , including those with low enough values to be assimilants involved in generation of the andesites.
Low HREE concentrations for the andesites (Fig. 2 ) require relatively high partition coefficients for these elements during differentiation. The fractionated HREE patterns require either that these partition coefficients progressively increase with atomic number to values greater than unity for Yb or that the assimilant had fractionated HREE patterns. Based on experimental evidence (e.g. Gill, 1981) , it is unlikely that an assemblage including a phase with strongly varying partition coefficients for HREE (e.g. zircon and garnet) could fractionate from the basalts or andesites at Medicine Lake at crustal pressures. Thus, EC-AFC modeling of the andesitic compositions utilized an assimilant with a strongly fractionated HREE pattern (Fig. 3) . The disequilibrium ( 238 U)/( 230 Th) ratios, but scattered ( 230 Th)/( 232 Th) ratios, for the andesites only constrain the time-scales required for their generation and differentiation to be less than a few hundred thousand years.
The Glass Mountain rhyolite has the peculiar trait of having Pb and Th isotope values identical to those of the young Medicine Lake basalts, but different from those of the young andesites, including the andesitic inclusions extracted from the rhyolite itself (Figs 7 and  11 ). The implication is that the rhyolite is more akin to the basalts than to the andesites. However, as with the andesites, variations in d
18 O values between Holocene basalts (average 5Á7) and rhyolites (average 7Á4) suggest that at least a small portion of crustal materials, other than young mafic plutons, must have been involved in the genesis of these rhyolites (DonnellyNolan, 1998) . Nevertheless, the overall similarity of the patterns in highly incompatible trace elements as well as Th and Pb isotopic compositions between the rhyolite and basalt (Figs 6, 7 and 11) suggest that the principal sources of mass in the rhyolite were the Medicine Lake basalts. Therefore, the most likely origin for the Medicine Lake rhyolite is crystal fractionation of basalt combined with assimilation of some crustal material with an elevated d 18 O value (see Fig. 3 ). Based on the similar degree of enrichment of Zr and Ce in the rhyolite compared with the basalts (Fig. 6 ) and the similar HREE contents in the Medicine Lake basalts and rhyolites, hornblende probably played a major role in producing the Medicine Lake rhyolites.
The apparent differences in the nature of the crustal materials involved in magma genesis suggest that the andesites and rhyolites were generated in different places in the crust. The andesites were probably generated at depths of 6 km or more (see Grove et al., 1997) , whereas the rhyolites last equilibrated at depths of 1EEE3 km (Zucca et al., 1986; Brophy et al., 1996; Grove et al., 1997) .
Crater Lake
The high-Sr andesite is enriched in 230 Th over 238 U and has a relatively low ( 230 Th)/( 232 Th) ratio, whereas the low-Sr andesite has ( 238 U) 4 ( 230 Th) and a significantly higher ( 230 Th)/( 232 Th) ratio (Fig. 10) . The high-Sr andesite is also distinguished from the low-Sr andesites by significantly lower Sr isotopic compositions and incompatible trace element ratios suggesting less involvement of fluids from subducted slabs in magma genesis. These observations allow the differences in the compositions of the andesites to be largely the result of variations in the proportions of fluid from subducting lithosphere involved in the genesis of their parental magmas. The high concentrations of highly incompatible trace elements in the high-Sr andesite, its steep REE pattern, and low ( 238 U)/( 230 Th) value probably reflect low degrees of partial melting of a garnet-bearing (Beattie, 1993; LaTourrette et al., 1993) or aluminous augite-bearing (Blundy, 1998) mantle source to generate its parental basalt. In contrast, the low concentrations of incompatible trace elements and stronger subduction signal in the low-Sr andesite, including its high ( 238 U)/( 230 Th) ratio, suggest that its parent basalt was generated by a greater degree of melting because of a significant flux of subducted fluid (see Bacon et al., 1994; Stolper & Newman, 1994; Hirschmann et al., 1999; Eiler et al., 2000) .
High normalized concentrations of Sr and P relative to other incompatible elements suggest that both andesites may have accumulated crystals ( Fig. 5 ; Bacon & Druitt, 1988) . Nevertheless, the abundances of U, Th, and other highly incompatible elements in these andesites cannot be attributed to crystal accumulation because the major phenocryst phases in these samples have low concentrations of these elements (Table 2) . This is also true for the trace phase apatite, as only $0Á5 wt % apatite accumulation is needed to produce the excess phosphorus in the high-Sr and low-Sr andesites, and these apatites have low U and Th concentrations (1Á8 and 4Á6 ppm, respectively; R. Thomas & M. Reagan, unpublished data, 2001 ). Thus, the differences in the UEEETh systematics and incompatible trace element abundances between the low-and highSr andesites must largely reflect differences in the compositions of their glass phases (see also Bacon & Druitt, 1988) .
Based on geological mapping and geochronology, Bacon & Druitt (1988) suggested that low-Sr magmas crystallized at depth and fed rhyodacitic magmas into the developing climactic magma chamber for several tens of thousands of years before the climactic eruption of Mount Mazama. High-Sr magmas were suggested to have entered the chamber system shortly before the climactic eruption. The UEEETh data for the andesites are consistent with this model. For example, the high U/Th ratio and Th isotopic composition of low-Sr andesite sample 88c:1532 is consistent with a significant residence time in the crust. In addition, the inclined UEEETh reference line in Fig. 10 for mineral separates from 88c:1532 indicates that most crystals in this andesite grew from low-Sr andesite magma tens of thousands of years before eruption. The minimum age of this growth is 57(18/EEE17) ka based on the slope of the reference line and the assumption that all of the crystals grew instantaneously upon intrusion into the crust. If crystals in 88c:1532 grew over time as the magma cooled, or were recycled from older magma batches, then sample 88c:1532 could have resulted from magmatism that extended past this age. The complex morphologies of most of the plagioclase crystals in the sample of the low-Sr andesite are consistent with an extended and complex history of crystallization and resorption.
The best-fit line through the UEEETh data for the highSr andesite (88c:1534) gives an age that is within error of the eruption age (Fig. 10) , suggesting that this andesite intruded into the system within a few thousand years of the climactic eruption. The quench-textured morphologies of the hornblendes and the simpler zoning profiles for a majority of the plagioclase in 88c:1534 are consistent with this relatively short average residence time for most crystals in this andesite.
At this point, it should be noted that both of the andesitic samples are exceedingly crystalline, and they must have been fairly rigid before they erupted as scoria blocks. Thus, the applicability of the residence times inferred from the UEEETh isochron plot to other scoria blocks, even those with similar compositions, would depend on how systematically stratified these crystal mushes were before eruption. If the andesites intruded in sequence at the andesiteEEErhyodacite boundary as suggested by Bacon & Druitt (1988) , then the erupted low-Sr andesites would have been younger than the low-Sr andesites left behind in the chamber. Conversely, if andesitic magmas randomly intruded themselves within pre-existing crystal mushes, then the residence times inferred for the andesite samples would be more representative of the Crater Lake andesites as a whole. The complex morphologies of the crystals in the low-Sr andesite suggest that the latter is more probable than the former.
The major element, trace element, isotope, and Useries data (Tables 1 and 2 ; Fig. 10 ) for the climactic rhyodacite are consistent with its genesis by mixing of crystal fractionation products of associated low-and high-Sr andesites with minor assimilation of granitic wall-rocks (Bacon & Druitt, 1988) . Note, however, that an EC-AFC model employing an assimilant composition like that of the Crater Lake rhyolite also explains the data (Fig. 3) . Both models allow the equilibrium ( 238 U)/( 230 Th) ratio for the rhyolite to have resulted from fortuitous mixing proportions of low-and high-Sr components. An alternative and perhaps less fortuitous explanation for the UEEETh equilibrium is that the rhyodacite resided in the crust for a period of 410 5 year. The extended age (140 ka) of the internal reference line for the climactic rhyodacite is consistent with this second explanation. However, most plagioclase crystals in the climactic rhyodacite have low-Sr affinities (Druitt & Bacon, 1989) , and the plagioclase may have grown in a low-Sr rhyodacitic magma before high-Sr magmas began intruding into the system. Based on these arguments, it is not possible to uniquely constrain the crustal residence time of the Crater Lake rhyodacite.
Geochemical relationships
Basalts from many volcanic arcs erupt with significant UEEETh disequilibrium produced during mantle melting (Fig. 12) . Some are enriched in 238 U over 230 Th by as much as a factor of two, reflecting the addition of U 4 Th to mantle sources from subducting slabs (e.g. Sigmarsson et al., 1990; Gill et al., 1993; Reagan et al., 1994; Elliott et al., 1997; Turner et al., 2000b) . Less common are arc basalts that are enriched in 230 Th over 238 U. These basalts have been attributed to small degrees of melting in the presence of garnet or aluminous augite and a small flux from subducting lithosphere (e.g. Reagan & Gill, 1989; Clark et al., 1998; Turner et al., 2000a) . Basalts with equilibrium ( 238 U)/( 230 Th) ratios also are relatively common in volcanic arcs (Condomines & Sigmarsson, 1993) . Sigmarsson et al. (2002) . Adakites from the Austral Volcanic Zone in Chile (Sigmarsson et al., 1998) are plotted separately. The wideranging 238 UEEE 230 Th disequilibrium in basalts and basaltic andesites and the progressive decrease in these ratios with increasing SiO 2 should be noted. The dacitic rocks from Mount St. Helens that are thought to be melts of basaltic crust (Halliday et al., 1983; Smith & Leeman, 1987) appear to be exceptions to this overall trend. The general implication of these data is that generation of rhyolites in continental crust commonly involves persistent basaltic magmatism to generate silicic andesite to dacite compositions and crustal residence times for rhyolites that are significantly greater than the half-life of 230 Th (see text).
The ( 238 U)/( 230 Th) disequilibria and trace element contents of the basalts and basaltic andesites from the volcanic centers investigated here appear, at least partially, to preserve a record of the processes that generated their parental magmas by melting mantle. The equilibrium values of Medicine Lake basalts provide no information about the time-scales of transport to the surface. However, the disequilibrium ( 238 U)/( 230 Th) ratios of the KatmaiEEENovarupta basaltic andesite and the high-Sr basaltic andesite from Crater Lake indicate that magma storage, differentiation, and transport to the surface require significantly less than a few hundred thousand years. In most arc settings, young basalts have significant enrichments in 226 Ra over 230 Th, suggesting that they rise from their mantle source, differentiate, and erupt in time periods of no more than $10 3 years (Reagan et al., 1994; Clark et al., 1998; Turner et al., 2000b Turner et al., , 2001 Hickey-Vargas et al., 2002; Sigmarsson et al., 2002) .
The variations in ( 230 Th)/( 232 Th) and ( 238 U)/ ( 232 Th) in intermediate magmas at all three centers require significant assimilation in their genesis. The low-Sr andesite from Crater Lake and the andesites and dacites from the KatmaiEEENovarupta center were apparently generated by crystal fractionation and assimilation of mixtures of crystals and melts with incompatible trace element and isotopic compositions recently derived from the mantle. The average residence times for the crystals in these systems are in the range of tens of thousands of years. Differentiation of basaltic magmas to generate andesites recently erupted from Medicine Lake volcano also requires significant assimilation. However, changes in isotopic composition in progressively more differentiated magmas require that the assimilant included a somewhat more significant proportion of older crust. The low amounts of ( 238 U)/( 230 Th) disequilibrium found in silicic andesites in contrast to the higher levels of disequilibrium in basaltic parents suggest a long time-period of fractionation, assimilation of equilibrated crust, or both (Fig. 12) . The data shown here suggest that the silicic andesites and dacites are generated by tens of thousands of years or more of intrusion of basalt in the crust. Differentiates of old basalts are partially digested and assimilated by younger magmas. The effect on whole-rock compositions is to generally lower the degree of ( 238 U)/( 230 Th) disequilibrium, although in some cases, fractionation of crystals from liquids in the assimilant can enhance this disequilibrium. In any case, the resulting mixtures of melts and crystals produce averaged UEEETh`isochrons' with 10 4 EEE10 5 year ages. All of the continental arc rhyolitic rocks studied here have equilibrium or near-equilibrium ( 238 U)/( 230 Th), despite significant disequilibrium in associated intermediate rocks. In addition, two of the three rhyolites have Th isotopic compositions that differ significantly from those of associated intermediate rocks. These data imply that rhyolites generally have crustal residence times of 10 5 years or more, consistent with observations in some larger silicic systems (Davies et al., 1994; Reid et al., 1997) . This does not require the rhyolites to have been entirely molten over this period. Instead, the crystal contents of these rhyolites could wax and wane depending on the fluxes of heat and volatiles through the systems over time (e.g. Mahood, 1990) . However, periods of crystallization could not commonly be associated with significant fractionation of minerals with large and differing partition coefficients for U and Th (e.g. zircon and sphene).
The processes by which the rhyolitic magmas were generated appear to vary from site to site. Nearly pure Rayleigh fractionation appears to have generated rhyolites from intermediate predecessors at the KatmaiEEENovarupta volcanic system, whereas rhyolites at Medicine Lake require significant assimilation. Nevertheless, near-equilibrium ( 238 U)/( 230 Th) values for all of the rhyolitic rocks allow residence times for the rhyolitic magmas to be 410 5 years, consistent with long-term warming of the crust from persistent mafic magmatism (e.g. Hildreth, 1981) .
CONCLUSIONS
The lengths of time required for differentiating and storing magmas in the crust appear to significantly increase with increasing SiO 2 concentration. Basalts and basaltic andesites commonly have trace element and isotopic compositions, as well as 238 UEEE 230 Th disequilibrium, that reflect the compositions of the parental basalts. Crustal residence times are commonly less than a few thousand years based on the presence of 226 RaEEE 230 Th disequilibrium noted in other arc basalts.
Andesites and dacites from the centers studied here are generated by AFC processes from basaltic parents. In most cases, the assimilants are relatively young plutons or crystal mushes, as indicated by the lack of variation in Sr and Nd isotopic compositions with changing SiO 2 concentrations. In other words, the assimilation is`cryptic' in that it is invisible to many geochemical monitors of petrological processes. The magmatic compositions of these assimilants appear to have resulted from long periods of magmatism, which gradually replaced the older crust with younger mantle-derived materials (Kay et al., 1990) . Additional disequilibrium can be generated during the differentiation that generates andesites and dacites, as a result of partitioning of U and Th between assimilated melts and residual crystals.
The larger-volume rhyolites studied here (Crater Lake and KatmaiEEENovarupta) appear to have been generated by crystal fractionation of andesites and dacites with minor assimilation. In contrast, the genesis of the Glass Mountain rhyolite from Medicine Lake seems to have involved significant assimilation. The equilibrium or near-equilibrium ( 238 U)/( 230 Th) ratios for all of the rhyolites suggest that the rhyolites all had a protracted period of differentiation and accumulation. The rhyolite from Crater Lake accumulated, at least in part, over tens of thousands of years or more. The rhyolites from the Medicine Lake and KatmaiEEE Novarupta clearly had a protracted time of differentiation (410 5 years). Therefore, residence times for magmas in the continental crust increase by a minimum of 2EEE3 orders of magnitude with increasing SiO 2 concentrations from basalt to rhyolite.
